Peripheral nervous system abnormalities, including neuropathy, have been reported in people with cystic fibrosis. These abnormalities have largely been attributed to secondary manifestations of the disease. We tested the hypothesis that disruption of the cystic fibrosis transmembrane conductance regulator (CFTR) gene directly influences nervous system function by studying newborn CFTR −/− pigs. We discovered CFTR expression and activity in Schwann cells, and loss of CFTR caused ultrastructural myelin sheath abnormalities similar to those in known neuropathies. Consistent with neuropathic changes, we found increased transcripts for myelin protein zero, a gene that, when mutated, can cause axonal and/or demyelinating neuropathy. In addition, axon density was reduced and conduction velocities of the trigeminal and sciatic nerves were decreased. Moreover, in vivo auditory brainstem evoked potentials revealed delayed conduction of the vestibulocochlear nerve. Our data suggest that loss of CFTR directly alters Schwann cell function and that some nervous system defects in people with cystic fibrosis are likely primary.
Peripheral nervous system abnormalities, including neuropathy, have been reported in people with cystic fibrosis. These abnormalities have largely been attributed to secondary manifestations of the disease. We tested the hypothesis that disruption of the cystic fibrosis transmembrane conductance regulator (CFTR) gene directly influences nervous system function by studying newborn CFTR −/− pigs. We discovered CFTR expression and activity in Schwann cells, and loss of CFTR caused ultrastructural myelin sheath abnormalities similar to those in known neuropathies. Consistent with neuropathic changes, we found increased transcripts for myelin protein zero, a gene that, when mutated, can cause axonal and/or demyelinating neuropathy. In addition, axon density was reduced and conduction velocities of the trigeminal and sciatic nerves were decreased. Moreover, in vivo auditory brainstem evoked potentials revealed delayed conduction of the vestibulocochlear nerve. Our data suggest that loss of CFTR directly alters Schwann cell function and that some nervous system defects in people with cystic fibrosis are likely primary. M utations in the cystic fibrosis transmembrane conductance regulator (CFTR) gene cause cystic fibrosis (CF), a common, life-shortening, autosomal recessive disease (1) (2) (3) . CFTR is an anion channel that is expressed in many epithelial organs where its loss causes exocrine pancreatic destruction, airway disease with infection and inflammation, and intestinal obstruction with meconium ileus.
In addition to disease in epithelial organs, several studies have reported that people with CF have peripheral nervous system abnormalities. For example, peripheral neuropathy, including decreased nerve conduction velocity, has been described in people with CF, a finding that could not be attributed to duration of disease, sex, age, or body mass index (4, 5) . Decreased innervation of sweat gland acini and ducts in people with CF has also been reported (6) . Gastric myoelectrical activity is impaired in CF, suggesting possible altered nerve function (7) . Reports also suggest abnormal cholinergic and adrenergic sensitivity in pupillary constriction, sweat and saliva secretion, blood pressure regulation, and bronchoconstriction in people with CF (8, 9) . Several other studies have reported abnormal neural function in CF (10) (11) (12) (13) (14) . The interpretation of these multiple observations has been confounded by possible malnutrition, chronic illness, and drug administration, and thus it has been difficult to distinguish nervous system abnormalities that are directly caused by loss of CFTR from those that might be secondary. However, two observations have suggested that loss of CFTR might have direct effects on nervous system function. First, CFTR mRNA and/or protein have been detected in multiple regions of the nervous system in mice, rats, rabbits, cows, and humans (15) (16) (17) (18) . Although many of those studies lacked a null control, they suggested that CFTR is expressed in the nervous system. Second, some nervous system abnormalities reported in people with CF have also been detected in people heterozygous for CFTR gene mutations (9, 13, 19) . Because carriers of CFTR mutations lack classic manifestations of CF, these observations suggest a direct functional effect of CFTR loss.
Studies of nervous system abnormalities in CF have been limited because it is not possible to study humans, i.e., infants with CF, in the absence of potential malnutrition, chronic disease, and various treatments. Moreover, the field has lacked an animal model that develops typical manifestations of CF. To circumvent these obstacles, we recently disrupted the CFTR gene in pigs to generate a porcine model of CF (20, 21) . At birth, CFTR −/− pigs display intestinal lesions (meconium ileus and microcolon), exocrine pancreatic destruction, and gallbladder abnormalities. The airways and lungs of newborn CFTR −/− pigs lack infection and inflammation, but display a bacterial host defense defect (22) . Over the ensuing weeks and months after birth, these pigs spontaneously develop lung disease. These abnormalities are remarkably similar to those in people with CF. Thus, using this model we tested the hypothesis that CFTR is expressed in the nervous system and that loss of CFTR directly affects nervous system function.
Results

CFTR Is Expressed in the Peripheral and Central Nervous Systems of
Newborn Pigs. To test whether the newborn pig nervous system expresses CFTR, we isolated RNA and performed RT-PCR from the maxillary branch of trigeminal and optic nerves, which allowed us to sample areas enriched in glial cells and axons, and from the trigeminal ganglion and the cerebellum, which provided regions enriched in neurons. In all cases, we detected CFTR transcripts (Fig. S1A) .
Using the trigeminal nerve as a model system, we next asked how much CFTR was present compared with traditional airway epithelia. Quantitative RT-PCR (qRT-PCR) indicated that there was substantially less in the nerve compared with airway epithelia (Fig. S1B) . Undeterred by this, we also examined sagittal sections of the trigeminal nerve by immunocytochemistry to test for CFTR protein. CFTR immunostaining varied from diffuse to punctate, and staining intensity varied in different sections (Fig.  1) . However, we detected no CFTR immunostaining in any of the CFTR −/− sections ( Fig. 1B and Fig. S2 ). CFTR immunostaining did not colocalize with β-tubulin III, a marker of axons, or fluoromyelin, which labels the myelin sheath of axons ( Fig. 1 A  and C) . Instead, CFTR appeared to be present in Schwann cells, as determined by colocalization with Schwann cell markers S100 and p75 ( Fig. 1 D and E) .
To further confirm CFTR expression in Schwann cells, we isolated and cultured porcine Schwann cells ( Fig. 2A) . We attempted to identify CFTR by immunocytochemistry, but nonspecific staining in cultured CFTR −/− Schwann cells made specific detection problematic. Therefore, we used whole-cell patchclamp recordings to test for CFTR activity (Fig. 2B) . CFTR +/+ Schwann cells had protein kinase A (PKA) and ATP-mediated Cl − currents that were not voltage-activated and were inhibited by GlyH-101, an inhibitor of CFTR (23) . CFTR −/− Schwann cells showed negligible current.
Loss of CFTR Alters Myelin Sheath Structure and Myelin Gene
Expression. Identification of CFTR in Schwann cells suggested that myelination might be affected upon loss of CFTR. Therefore, we used electron microscopy to assess myelin sheath structure in the trigeminal nerve. Many CFTR −/− axons exhibited a "ringed" appearance characterized by dark inner and outer bands (Fig. 3C ).
More interestingly, we also observed myelin infoldings (Fig. 3 D  and E) , a feature of Charcot-Marie-Tooth disease (24) (25) (26) (27) . The similarities between the myelin structure of nerves isolated from CFTR −/− pigs and the nerves of Charcot-Marie-Tooth disease suggested that perhaps other similarities also existed. Therefore, because mutations in myelin genes cause Charcot-Marie-Tooth disease (28), we hypothesized that myelin gene expression might be affected by loss of CFTR. We focused on myelin protein zero (MPZ), a major constituent of peripheral myelin, the loss or gain of function of which causes Charcot-Marie-Tooth disease (29) (30) (31) . qRT-PCR revealed an increase in MPZ mRNA in trigeminal nerves of newborn CFTR −/− pigs (Fig. 4A) . In previous studies, an increase in MPZ transcripts was accompanied by changes in transcripts for myelin basic protein (MBP), a minor structural component of peripheral myelin (32, 33) . Indeed, MBP mRNA was also increased in CFTR −/− trigeminal nerves (Fig. 4B ). To test whether the differences in MPZ and MBP reflected a global change in Schwann cell gene expression, we also assayed transcripts for connexin 32 (CNX32), a gap junction protein, and for annexin 2 (ANX2), a protein increased following nerve injury (34) , and found no differences.
Axon Density Is Reduced in CFTR −/− Pigs. Changes in MPZ gene dosage can cause axonal (axon loss), demyelinating (loss of myelin), or intermediary types of Charcot-Marie-Tooth disease (29, 35, 36) . Therefore, we hypothesized that axon density might also be affected in CF pigs. We measured myelinated axon density (number of axons/μm We also noted that small myelinated axons composed a smaller portion of the total population of axons in CFTR −/− pigs ( Fig.  5E ). This was further evidenced in average diameter measurements and curve-fitting analysis, in which a shift toward a greater diameter was observed (Fig. 5 C-G) .
Loss of CFTR Reduces Nerve Conduction Velocity in Situ and in Vivo.
The multiple similarities between CFTR −/− pig nerves and nerves in Charcot-Marie-Tooth disease, including changes in myelin sheath structure, MPZ expression, and axon loss, predicted that nerve conduction velocity might also be affected. We found that the maxillary branch of CFTR −/− trigeminal nerves showed a small but significant reduction in conduction velocity ( Fig. 6A and Table S1 ). The sciatic nerve, which is composed of sensory and motor axons, also displayed a strong trend for reduced conduction velocity ( Fig. 6B and Table S1 ).
As a test of in vivo nerve function, we measured auditory brainstem evoked potentials. We discovered that waves I and II, but not III and V, were delayed in CFTR −/− pigs ( Fig. 6 C and D and Table S2 ). A delay in waves I and II could be due to either impaired air or nerve conduction. However, the wave I-II interval was also mildly prolonged (Fig. 6E) , suggesting reduced conduction velocity in the vestibulocochlear nerve (37) . Other intervals and peak-to-peak amplitudes were not affected (Table S2) .
Discussion
Although it is well known that CFTR is expressed in epithelia (1), it has been suggested that CFTR is also present in the nervous system (15) (16) (17) (18) . Our data not only confirm this, but also suggest that Schwann cells are an important site of expression. Surprisingly, we discovered that loss of CFTR caused changes in nerves similar to those observed in Charcot-Marie-Tooth disease. These similarities included the following: (i) myelin sheath abnormalities (25) (26) (27) ; (ii) increased MPZ transcripts (29, 32, 33, 38, 39) ; (iii) reduced axon density (40, 41) ; and (iv) slowed nerve conduction velocity.
Newborn CF pigs displayed features of both axonal and demyelinating neuropathy, a finding congruent with previous studies describing axonal and/or demyelinating neuropathy in people with CF (4, 5, 42). For example, we observed a reduction in nerve conduction velocity, with no effect on amplitude, and increased incidence of myelin infoldings, consistent with a demyelinating neuropathy (24, 40) . However, the defect in conduction velocity was minor, and there was no thinning of the myelin sheath, but there was a loss of small myelinated axons, consistent with an axonal neuropathy. This intermediary phenotype is likely due to the mild increase in MPZ mRNA (43, 44) . For example, the threshold for dysmyelination (failure of Schwann cell differentiation and myelin formation) induced by overexpression of MPZ is between 30 and 80% overexpression (33) . Thus, perhaps the 40% increase in MPZ expression caused a dysmyelination phenotype, in which loss of axons and reduced conduction velocity can be observed (45, 46) .
How might loss of CFTR in Schwann cells cause these changes? Cl − channels in Schwann cells are thought to stabilize membrane potential (47); therefore, removal of a Cl − channel might destabilize membrane potential and cause changes in ion flux to be exaggerated. Indeed, exaggerated purinergic-mediated Ca 2+ influx in Schwann cells has been associated with increased myelin gene expression and is a proposed pathogenic mechanism in CharcotMarie-Tooth disease (32) . Additionally, previous studies have shown that disruption of the potassium-chloride cotransporter 3 (KCC3), a gene expressed in peripheral nerves, Schwann cells, and neurons, causes periaxonal fluid accumulation, increased myelinated axon diameter, reduced axon number, and peripheral neuropathy in mice and humans (48) . Thus, our data are consistent with an important role for Cl − transport in Schwann cells. As outlined in the Introduction, many reports have described altered nervous system function in people with CF (4-14). Our results may provide an explanation for some of those abnormalities by indicating that altered Schwann cell function, and hence neuronal function, can occur as a primary defect independent of the secondary consequences of the disease. People who are heterozygous for CF mutations have a neurophysiological phenotype intermediate between non-CF and CF (9, 13, 19) . In several, although not all cases, our data indicate that CFTR +/− pigs also manifest an intermediate phenotype. These observations open the door for speculation. On one hand, might CFTR heterozygosity have a negative consequence for carriers? On the other hand, it has long been speculated that carriers of a CF-associated mutation have a selective advantage that favors expansion of CF mutations in the population. Perhaps a neurological phenotype might provide an advantage to CFTR heterozygotes, although what that advantage might be remains unknown. Our study has advantages and limitations. First, we used an animal model that recapitulates human CF (21, 22) . Second, the nervous system of the pig is more similar to that of the human than is the mouse's nervous system (49) . Third, by studying newborn pigs, we were able to eliminate secondary consequences of disease. Fourth, we used multiple assays to test the consequences for CFTR loss. A limitation of our study is that our data do not address the role of neuronal CFTR, and therefore we are not able to exclude the possibility that CFTR in neurons contributes to the phenotypes that we observed. For example, Cl − channels in neurons are often inhibitory; thus, it is possible that neuronal CFTR might protect against excitotoxicity and that loss of CFTR consequently negatively impacts neurons. Additional studies will be required to fully dissect the role of CFTR in neurons versus Schwann cells and other glia.
Loss of CFTR in epithelia causes disease. However, might altered neural function contribute to or modulate disease in people with CF? Our data cannot answer that question, but we speculate that it might in several ways. Increasing evidence suggests a role for the nervous system in modulating inflammation; for example, vagal nerve activity dampens inflammation (50) . Several previous reports have suggested that there is an overly exuberant inflammatory response to airway infections in patients with CF (51), and we wonder if impaired nervous system function might contribute to that. Neural activity also regulates submucosal gland secretion (52) and intestinal motility (53, 54) . Although loss of CFTR in these epithelial tissues is undoubtedly the key factor in CF disease, it is interesting to speculate that altered neuronal function might contribute to mucus secretion from airway submucosal glands (52), the intestinal obstruction of meconium ileus in newborns (1), and/or the distal intestinal obstruction syndrome in older patients with CF (1, 55).
Materials and Methods
Animals. We previously reported generation of CFTR +/− and CFTR −/− pigs (21, 22) . Animals were mated, and progeny were studied as previously described. Newborn male pigs were studied less than 24 h after birth. Piglets were weighed, sedated with ketamine and xylazine, and euthanized with an i.v. overdose of pentobarbital/phenytoin. All animal experiments were approved by the University of Iowa Institutional Animal Care and Use Committee.
RT-PCR. Brain tissues and cultured cells were rapidly removed/harvested and placed immediately on dry ice. Total RNA was isolated with the Qiagen Lipid Tissue RNeasy kit per the manufacturer's directions. RNA quality and concentration were assessed via Nanodrop and Agilent Technology. RNA was reverse-transcribed with the SuperScript III First Strand Synthesis Kit (Invitrogen). The following primer sequences were used: actin (forward, 5′-CTGCGGCATCCACGAAACT-3′; reverse, 5′-GTGATCTCCTTCTGCATCCTGTC-3′); CFTR (forward, 5′-CTGGAGCCTTCAGAGGGTAAAAT-3′; reverse, 5′-AGTTGG-CACGCTTTGATGACACTCC-3′); myelin protein zero (forward, 5′-CTGCAGAG-GAGGCTCAGTGCCA-3′; reverse, 5′-TCCTTGCGAGACTCCCCCAACC-3′); myelin basic protein (forward, 5′-CATGGACCACGCCAGGCACGGCTT-3′; reverse, 5′-CGCGTGGTGTCCATCCTTGCCCGAG-3′); annexin 2 (forward, 5′-TGCATTTGGG-GACGCTCGCA-3′; reverse, 5′-GGTGACCTCGTCCACACCTTTGG-3′); connexin 32 (forward, 5′-AGGCGCTCCCCAAGGTGTGAATGAG-3′; reverse, 5′-CGTAGCA-GACGCTGTTGCAGCC-3′). Primer efficiency and validation were performed as described (56) . PCR was performed in sample triplicates with RT 2 SYBR Green qPCR Master Mixes (SA Biosciences) and a 7500 Fast Real-Time PCR System (Applied Biosystems), following the manufacturers' protocol. RNA that was not reverse-transcribed was used as control. Standard ΔΔCT method with actin as a reference gene was used for analysis. For end-point PCR studies, amplification of CFTR was accomplished using the above primers and AccuPrime SuperMix II (Invitrogen). Parameters were as follows: 30 cycles at 94°C for 30 s, 55°C for 30 s, and 68°C for 1 min, with a final extension cycle of 68°C for 7 min. Products were separated on a 1.5% agarose gel and visualized using a BioChemi system.
Schwann Cell Cultures. Schwann cells were cultured using methods similar to those previously described (57) . Briefly, trigeminal nerves were removed from newborn pigs, chopped into small pieces, and digested in 3 mL of 3 mg/mL (Table S2 ). *P < 0.05 compared with CFTR
. Each point represents the data collected from an individual animal. collagenase/0.25% trypsin for 30 mins at 37°C. Enzymes were inhibited by added 10% (vol/vol) FCS, and digested tissues were gently dissociated by running through a 1-mL syringe attached to an 18-g needle. The dissociated cells were then allowed to attach to polylysine-coated coverslips for 24 h. Media consisting of high-glucose DMEM (Gibco), 10% (vol/vol) FCS, and 10 units/mL penicillin-streptomycin was replaced every 2-3 d. Schwann cells were confirmed by morphology and by staining with p75 and S100.
Immunocytochemistry. Sagittal sections of the trigeminal nerve were cut on a freezing microtome at a thickness of 8 μm and adhered to SuperFrost Plus Glass Slides (Fisher Scientific). Sections were then fixed using an ice-cold 2% (vol/vol) paraformaldehyde/PBS solution at 4°C for 10 min. Sections were washed thoroughly with PBS and incubated at 37°C for 2 h with CFTR antibodies. For verification of staining, two separate antibodies were used, M3A7 (Millipore 1:100) and clone 596 (Cystic Fibrosis Foundation; 1:200), on separate sections. Sections were then incubated with AlexaFluor-conjugated secondary antibodies (488 or 594) for 1 h at room temperature and washed. To visualize nuclei, a Hoechst stain (Invitrogen) was performed. For additional markers, the following were used: rabbit anti-β tubulin III (1:1,000; Abcam), FluoroMyelin (1:500; Invitrogen), rabbit anti S-100 (1:4,000; Dako), and goat anti-p75 (1:500; Neuromics). Sections were coverslipped using hard set mounting media (Vectashield) and imaged using an Olympus Fluoview FV1000 confocal microscope and UPLSAPO 60× oil lens. Identical microscope settings were used for CFTR Trigeminal Nerve Axon and Circumference Measurements. Whole trigeminal nerves were placed into Karnovsky's fixative for 48 h, sucrose-protected, and then sectioned. Cross-sections of the trigeminal nerve were cut at a thickness of 14 μm using a freezing microtome. Sections were stained using fluoromyelin (1:1,000; Invitrogen) and coverslipped using glycerol. Images were collected using an inverted two-photon microscope (Zeiss LSM 510 META). Multiple microscopic fields (∼10-15) were taken from each nerve. Outer portions of the nerve bundle were preferentially targeted to ensure proper fixation. Using Image J, a grid was placed over each image, and one axon chosen randomly per each grid area was measured in sequential fashion until ∼100 axons had been measured per image. The shortest axis was measured to correct for potential sectioning artifacts (58) . Axons were marked using Image J software to ensure that duplication of axon measurements did not occur. Measurements were done by an observer blinded to genotype. Trigeminal nerve circumference was measured using fine thread. Briefly, fine thread was tied around the trigeminal nerve at three equidistant points (encompassing the entire trigeminal nerve). The length was measured, and each point was averaged to generate one circumference measurement for each pig. Measurements were done by an observer blinded to genotype.
Electron Microscopy. The caudal portion of the trigeminal nerve was submerged in ice-cold Karnovsky's fixative for >48 h. A 1-mm cubed section was then cut, washed, and immersed in 2% (vol/vol) osmium tetroxide for 2 h. The cubed section was rinsed with increasing concentrations of ethanol and a final rinse in 100% propylene oxide. Following dehydration, cubes were placed in a 2:1 100% propylene oxide-Spurrs resin for 2 h followed by a 1:2 100% propylene oxide-Spurrs resin for 8 h. Samples were then infiltrated in three changes of 100% Spurrs resin for at least 2 h and polymerized for 24 h in a 60°C oven. Tissue blocks were trimmed and sectioned at 80 nm for transmission electron microscopy and collected on gold grids. Poststaining of grids with uranyl acetate and lead citrate occurred before imaging on a JEOL 1230 TEM (JEOL USA Inc.) equipped with a Gatan 2k × 2k camera (Gatan Inc.).
Conduction Velocity Experiments. Conduction velocity experiments were performed using the sucrose gap method (59) . Accordingly, the entire maxillary branch of the trigeminal nerve was quickly removed and immediately placed in artificial cerebral spinal fluid (aCSF) (in mM: 125 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 2 CaCl 2 , 1.3 MgSO 4 , 26 NaHCO 3 , and 10 glucose, pH 7.4) bubbled with 95% O2 + 5% CO 2 gas mixture. Following a 2-h incubation period, the nerve was mounted in a specially designed chamber (University of Iowa Medical Instruments) modeled after Velumian and colleagues (59) . The KCl compartments were perfused with a solution containing (in mM): 7.5 NaCl, 120 KCl, 1.25 Na 2 HPO 4 , 2 CaCl 2 , 1.3 MgSO 4 , 26 NaHCO 3 , and 10 glucose, and the sucrose compartments were perfused with sucrose solution containing 305 mM sucrose. Both KCl and sucrose were isotonic to aCSF (305 mOsm). Stimuli were applied using an Anapulse Stimulator (model 302T; World Precision Instruments) and isolation unit (model 305; World Precision Instruments). Recording electrodes were connected to the headstage of a HS2A amplifier. The signals were filtered at 1 Khz and processed using Digidata 1200. Data were analyzed using clampfit software (version 9.2). Stimulation occurred for 10 μs in 1-s intervals. Conduction velocity was measured at stimulation that was 20% beyond that which gave the maximal response (as determined by amplitude) and calculated as latency to onset divided by distance between stimulating and recording electrodes (fixed distances in our chamber).
A portion of the sciatic nerve was removed that extended from the tip of the hip joint to the bifurcation point. The surrounding connective tissue was gently teased away, and membranes were removed. The sciatic nerves were then allowed to incubate for 2 h in bubbled aCSF. Identical procedures and methods used for the trigeminal nerve were used for conduction velocity experiments in the sciatic nerve.
Auditory Brainstem Evoked Potentials. Newborn pigs were anesthetized using ketamine (10-20 mg/kg) and xylazine (0.2-2.2 mg/kg). A s.c. reference electrode was placed immediately behind the test ear, a positive electrode was placed behind the contralateral ear, and a ground electrode was placed in the leg. Clicks were generated by a 12-bit digital-to-analog converter operating at 20,000 samples per second. Acoustic stimuli were presented at 80 db (normal hearing level) followed by decreasing stimulation (in 10-db increments). Simulation lasted 200 μs at a rate of 21.1 clicks per second and was delivered directly into the test ear through a Beyer model DT-40 earphone fitted with a custom earpiece. The earpiece allowed for insertion of the microphone just adjacent to the tympanic membrane. Stimulation at 70 db provided the clearest waveforms and was used for assessment of latencies. Auditory-brainstem-evoked-potential responses were performed on both ears, and averages were calculated per animal.
Statistical Analysis. Results are expressed as mean ± SEM or mean only. When only two groups were present, statistical significance was determined by P ≤ 0.05, and differences were evaluated with an unpaired two-tailed t test. When three groups were present, a one-way ANOVA was performed. Planned comparisons using an unpaired two-tailed t test were made between CFTR +/+ and CFTR −/− groups. Because each comparison tested a unique hypothesis, comparisons were performed irrespective of the outcome of the ANOVA (60) . If the ANOVA was significant, post hoc tests were performed to determine whether CFTR +/− differed from CFTR +/+
. Statistical significance was determined by P ≤ 0.05.
